Background-Over the past decades, the life expectancy of individuals with congenital heart disease (CHD) has increased significantly. However, precise estimates for survival to adulthood are scarce for patients with CHD. We investigated the proportion of CHD patients born between 1990 and 1992 who survived into adulthood. We also compared their survival with that of CHD patients born in earlier eras and evaluated survival as a function of the type of heart defect.
Although this database was constructed in 1992, it contains the records of all patients seen in the center since the inception of the pediatric cardiology program in 1960. Since 1992, data have been prospectively entered and updated. Data obtained before 1992 were retrospectively entered from the patient medical records and were updated during consecutive follow-up visits after 1992, if any. Hence, the database contains all available information of all patients who have visited the pediatric cardiology and the adult CHD programs, including patients who died before 1992 and those who are still alive. As of June 4, 2010, the database contained the records of 35 651 individuals.
Study Population
We reviewed administrative and clinical data found in this database. For the present study, patients were included if they had a congenital heart defect, defined as a structural abnormality of the heart or intrathoracic great vessels that has actual or potential functional significance. 12 Patients were excluded if they had a morphologically normal heart (eg, functional heart murmur or cardiotoxicity in cancer patients receiving chemotherapy), cardiac arrhythmias without structural abnormalities, patent foramen ovale diagnosed after cryptogenic stroke, patent foramen ovale or isolated ductus arteriosus not receiving treatment, hereditary conditions without cardiac effects, mesocardia without other structural cardiac anomalies, electrolyte disturbances, pectus excavatum without additional heart defect, and pulmonary arterial hypertension without structural heart disease. Patients were also excluded if they were fetuses with a normal echocardiogram. Finally, duplicate records were removed. This procedure yielded 19 381 patients with structural heart defects, 193 of whom were fetuses.
For this study, we analyzed the data of 7497 live-born or stillborn patients who were born between 1970 and 1992. Hence, all subjects in this study have or would have reached adulthood to date.
Measurements and Definitions
Date of birth, gender, cardiac diagnosis, date of death, reason of death, and date of last outpatient or inpatient visit were extracted from the database on June 4, 2010. CHD is often characterized by a combination of different heart defects. Therefore, to categorize patients according to their primary cardiac defect, we used a modified version of the classification of heart defects that was previously developed for the Dutch Congenitale cor Vitia project. 13 Modifications were based on its use in a recent epidemiological study in Belgium. 11 To classify patients by the complexity of their heart defect, we used the categories outlined by Task Force 1 of the 32nd Bethesda Conference: mild-, moderate-, or severecomplexity heart lesions. 5 Pulmonary arterial hypertension was defined as a mean pulmonary arterial pressure Ͼ25 mm Hg on cardiac catheterization.
Patients were stratified by birth into half-decade groups, starting from 1970 to 1989; patients born between 1990 and 1992 constituted a final group. We defined 18 years 0 days as the cutoff age for adulthood.
Data on mortality included both in-hospital and out-of-hospital mortality. Belgium is a small country with easy access to tertiary care 14 ; thus most CHD patients remain under surveillance at our center for routine checkups. For example, 55.9% of patients born in the 1990s last visited our center as outpatients Ͻ5 years ago. Other patients visit satellite centers, which are regional hospitals where one of our pediatric cardiologists has an outpatient clinic. Some patients prefer to go to local cardiologists. These cardiologists are asked to send an examination report after each outpatient visit.
In general, the follow-up recommendations of Task Force 4 of the 32nd Bethesda Conference are followed. 15 If hospitalization for cardiac reasons is needed, patients are most frequently referred to our hospital. Therefore, most of our patients who expired from CHDrelated reasons died in our hospital. With respect to out-of-hospital deaths, treating physicians, general practitioners, or the patients' families typically inform the CHD team of the patients' death. Cross-checking patients against the national death registry is disallowed by Belgian law for privacy reasons.
To account for temporal improvements in survival rates in recent decades, we calculated net survival relative to survival rates of the overall Belgian population. We relied on mortality tables for Belgium provided by the National Institute for Statistics. Mortality tables for the following years were used: 1972 to 1976, 1979 to 1982, 1988 to 1990, 1991 to 1993, 1995, 1999, 2003, and 2007. This study was evaluated and approved by the Institutional Review Board of the University Hospitals Leuven. Because we used existing data that were extracted by a clinical team member (P.M.) and remained anonymous, informed consent was neither required nor sought.
Statistical Analysis
The Statistical Package of the Social Sciences 12.0 (SPSS Inc, Chicago, Ill), SAS software (version 9.2 of the SAS System for Windows), and R version 2.6.2 (R Foundation for Statistical Computing, Vienna, Austria) computer programs were used for data analysis. Descriptive statistics for nominal data were presented in absolute numbers and percentages. Kaplan-Meier curves were plotted to describe the survival rates of the entire sample and those of the subgroups. Patients for whom no death was recorded were censored at the last date for which they were known to be alive. Group comparisons in terms of survival were performed with the log-rank test and the log-rank test for trends. The 95% confidence intervals for survival estimates were calculated with the log-log method.
To determine whether differences in survival across birth cohorts were independent from other confounding factors, we performed multivariable Cox regression analysis. An epidemiological approach was used, and all potential confounding factors were entered into the Cox model regardless of their statistical significance: decade of birth, gender, disease complexity, type of heart defect, presence of pulmonary arterial hypertension, and the advent of echocardiography as a diagnostic tool (cardiac ultrasound has been available at our pediatric cardiology department since 1980). We calculated hazard ratios and 95% confidence intervals. The proportional hazards assumption was checked by using the graphical methods described by Lin and coworkers. 16 They showed no deviations for the variables of interest.
Because survival in our study could be confounded by secular trends in all-cause mortality in the general population, we determined net survival relative to the general Belgian population. For each patient, we calculated expected survival by matching the patient to a Belgian patient from the general population by year of birth and age using Belgian mortality tables. The expected survival probability was calculated. Improvement across decades was assessed by means of a Poisson regression, as described by Dickman et al, 17 using exact survival times on grouped data.
All tests were 2 sided and evaluated at the 5% significance level. No adjustments were made to the significance level because of the exploratory nature of the study.
Results

Sample Characteristics
This study included 7497 patients (50.9% male, 49.1% female). The distributions of heart defect complexity and history of cardiac surgery were significantly different across birth eras ( Table 1) .
The most prevalent heart defects were ventricular septal defects (VSDs; 26.2%), pulmonary valve abnormalities (10.7%), and secundum atrial septal defects (9.1%). Overall, 48.6% of the patients had a mild-complexity heart defect, 39.5% had a moderate-complexity heart defect, and 11.9% had a severe-complexity heart defect. Table 2 shows the frequency of the different heart defects in our sample and categorization by disease complexity.
Survival Into Adulthood
Of the 1259 patients born between 1990 and 1992, 110 had died. Survival at 1, 5, 10, 15, and 18 years of age was 92.7% (91.0% to 94.2%), 90.9% (89.0% to 92.5%), 90.3% (88.4% to 92.0%), 89.1% (87.0% to 90.9%), and 88.6% (86.3% to 90.5%), respectively. The reasons for death were cardiac failure (nϭ61, 55.5%), postoperative complications (nϭ19, 17.3%), perioperative complications (nϭ17, 15.5%), cerebral complications (nϭ3, 2.7%), pulmonary complications (nϭ2, 1.8%), noncardiac problems (nϭ1, 0.9%), or other reasons (nϭ7, 6.4%).
Survival According to Birth Era
Survival of patients into adulthood was 81.0% (77.6% to 83.9%) for individuals born in 1970 to 1974, 82.0% (79.6% to 84.1%) for those born in 1975 to 1979, 81.7% (79.4% to 83.8%) for those born in 1980 to 1984, and 86.6% (84.6% to 88.3%) for those born in 1985 to 1989. These percentages were significantly lower than those of patients born in 1990 to 1992 (88.6% [86.3% to 90.5%]; log rankϭ28.2; dfϭ1; PϽ0.0001). Figure 1 (left) shows a Kaplan-Meier survival curve calculated from birth to 18 years of age according to the birth era. Regardless of the birth era, the most vulnerable period for mortality was the first year of life. Therefore, we refined the survival analysis as follows: from birth to 1 year of age (Figure 1 , middle) and from 1 to 18 years of age (Figure 1, right) . Survival was significantly different for these 2 periods, indicating that improved survival was not only a function of lower mortality in infancy.
Multivariable Cox regression analysis demonstrated that the improvement in survival across the birth era was independent of other known risk factors. Indeed, after adjusting for differences between the cohorts in disease complexity, type of heart defect, presence of pulmonary arterial hypertension, availability of echocardiography, and gender, we found that patients born in the eras of 1970 to 1974, 1975 to 1979, and 1980 to 1984 had a significantly higher mortality risk than patients born in the 1990 to 1992 era (Table 3) .
To adjust for temporal trends in mortality, we performed a trend test for half-decades in the Poisson regression of death, which yielded Pϭ0.0002. This provided evidence that the survival of CHD patients improved across the 5 birth-era cohorts regardless of improved survival in the general population ( Figure I in the online-only Data Supplement).
Survival According to the Type of Heart Defect
We computed survival curves according to the complexity of heart lesions and curves for each type of heart defect for patients born between 1990 and 1992. Survival to 18 years of age in patients with mild-, moderate-, and severe-complexity heart defects was 98.0% (95.8% to 99.1%), 90.0% (86.8% to 92.5%), and 56.4% (47.4% to 64.5%), respectively (log rankϭ158.4; dfϭ1; PϽ0.0001; Figure 2 ).
For the per-defect survival analysis, we included only heart defects that were documented in Ͼ20 patients. Figure 3 shows heart defects linked to an estimated survival to 18 years of age of Ͻ90% (left) and heart defects linked to an estimated survival of Ͼ90% (right). This figure shows that survival to the age of 18 years was 89.0% (78.3% to 94.6%) for patients with coarctation of the aorta, 78.1% (64.6% to 86.9%) for tetralogy of Fallot, 76.5% (60.3% to 86.7%) for atrioventricular septal defect, 70.7% (55.6% to 81.5%) for transposition of the great arteries (TGA), 49.1% (30.8% to 65.1%) for a univentricular heart, and 7.5% (0.6% to 26.6%) for hypoplastic left heart syndrome. Survival to the age of 18 years was 100% for left ventricular outflow tract obstruction, 98.4% (89.3% to 99.8%) for mitral valve abnormality, 98.0% (92.2% to 99.5%) for secundum atrial septal defect, 97.0% (90.0% to 99.0%) for aortic valve abnormality, 96.9% (90.8% to 99.0%) for pulmonary valve abnormality, 96.7% (91.8% to 98.7%) for VSD, and 95.0% (69.5% to 99.3%) for pulmonary vein abnormality. Obviously, survival rates across the diagnostic categories was significantly different (log rankϭ462.7; dfϭ12; PϽ0.0001). After adjustments for potential confounding factors, we identified several complex anomalies that were significantly associated with higher mortality (Table 3) .
Survival According to Birth Era per Heart Defect
For univentricular heart, truncus arteriosus, TGA, VSD, and pulmonary vein abnormality, we observed a significant difference in survival into adulthood across various birth eras ( Figure 4 ). Survival of patients born during the 1970s was consistently worse than that of patients born during the following decades. For other heart lesions, no significant trends in survival over the respective era were found.
Furthermore, we assessed potential interaction effects between birth era and heart defect complexity with respect to survival. Using the Wald test, we found a significant interaction (Pϭ0.014). When analyzing the changes in survival up to 18 years separately for mild-, moderate-, and severecomplexity heart defects, we found no effect for the group of patients with mild defects (Pϭ0.3687). However, we found statistically significant effects (ie, improved survival) for the groups of patients with moderate-and severe-complexity heart defects (Pϭ0.0006 and Pϭ0.0002, respectively).
Survival Beyond 18 Years of Age
Although the focus of this article is on survival to adulthood, our database also allowed us to explore survival beyond the age of 18 years. This analysis revealed that, once a patient reaches 18 years of age, no significant difference in survival occurred for the different birth eras (log rankϭ0.01; dfϭ1; Pϭ0.91; Figure 5 ). The steep decline in the 1985 to 1989 
Discussion
To expand on existing mortality studies, 11,18 -22 we investigated to what extent children with CHD survive to adulthood. Nearly 90% of CHD patients born between 1990 to 1992 survived to 18 years. This survival rate was significantly better than the 81.0% to 86.6% of patients born in prior decades. After adjustment for potential confounding factors, Cox regression modeling showed that the higher survival rate of patients born in the 1990 to 1992 era was independent of other known prognostic factors. Moreover, comparison with temporal trends in mortality in the general population showed that improved survival was greater than could be attributed to the secular reduction of all-cause mortality in the population alone.
We observed that survival improved particularly since 1985. This might be due to cardiac surgery improvements in our center. In the early 1970s, our center performed cardiac operations mainly on patients with mild heart defects. Complex cases were referred to centers in other countries that practiced more advanced surgical procedures. In the mid 1970s, our center began to take on complex surgical cases. By the mid 1980s, complex operations were performed routinely and perioperative management was optimal, thus improving survival.
The first year of life is obviously the most critical period, regardless of decade of birth. Therefore, we performed subanalyses to determine to what extent children with CHD survive during infancy (birth to 1 year) and childhood/ adolescence (1 to 18 years). We observed significant differences in survival across these 2 birth cohorts. Hence, improved survival in patients born in 1990 to 1992 is not merely a function of better outcomes in the first year of life but may suggest the success of continuing follow-up by experienced pediatric cardiologists during childhood. Beyond 18 years of age, no differences in survival were found, indicating that patients who reached 18 years of age have a similar probability of survival, regardless of the era of birth. Survival for patients with mild-, moderate-, and severecomplexity lesions differed from previous estimates. For patients born in the 1980s, Task Force 1 of the 32nd Bethesda Conference predicted a survival to adulthood of 95%, 90%, and 80% for mild-, moderate-, and severecomplexity heart defects, respectively. 5 Compared with the Task Force's predictions, we found higher (98.0%), equivalent (90%), and lower (56%) survival rates in patients with mild-, moderate-, and severe-complexity heart defects, respectively. The survival differences for complex heart defects are particularly striking. Given the facts that patients with hypoplastic left heart syndrome and univentricular heart represent a high proportion of all patients with complex heart defects and that the survival of such patients is poor if both operated and nonoperated patients are taken into account, survival to adulthood is expected to be Ͻ80%. Indeed, perinatal mortality is already as high as 50% in hypoplastic left heart syndrome 22 and is Ϸ40% in univentricular heart. 11 The information obtained in the present study not only is important for estimating survival into adulthood for youngsters with CHD living today but also may be useful for future workforce planning. About a decade ago, Wren and O'Sullivan 23 used the estimated survival data available to calculate the need for follow-up in adult life. At present, we can estimate the need for outpatient facilities and required manpower by using published prevalence rates, 24, 25 the survival numbers from the present study, and the suggested follow-up frequency proposed by Task Force 4 of the 32nd Bethesda Conference. 15 By doing so, we would be able to organize care in line with the demands of the population and to improve the delivery of care in North America and Europe. 26 -29 
Methodological Issues
The merit of this study is that it was based on an extensive database of a large tertiary care center in Belgium, which includes Ϸ7500 patients. Belgium is a small country (11 787 sq miles) with a high population density (10.4 million inhabitants), limited migration of the population, and easy access to tertiary care. 14 Thus, nearly all patients with CHD in Belgium have been evaluated by pediatric cardiology or adult CHD programs, which are all located in university hospitals. On the basis of an epidemiological study comprising 111 225 births in Belgium, 11 we calculated that 27% of all patients with CHD in Belgium are diagnosed, treated, and followed up at the University Hospitals Leuven. Hence, we believe that the results of this study are fairly representative of the population of CHD patients in Western societies.
Studies like ours can be subject to ascertainment bias in CHD detection over time. Since the 1980s, the detection rate for mild heart lesions has increased as a result of the availability of cardiac ultrasound. Hence, the growing number of mild defects could inflate the denominator for all events defined as death in the analyses. We dealt with this issue by performing multivariable Cox regression analysis, adjusting for disease complexity, type of heart defect, presence of pulmonary arterial hypertension, availability of echocardiography, and gender. Furthermore, ascertainment bias related to diagnosis, according to family income or locality, was not likely to be present because health care in Belgium is universal and the country is very small.
Belgian privacy laws prohibited us from linking our clinical database to the national mortality registry. Thus, a possible limitation of this study is that our mortality data might be incomplete. However, we believe that our data are fairly complete because Belgium is a small country and because our center maintains good contact with local treating cardiologists.
Another possible limitation could stem from the fact that we performed our analysis on data recorded in an administrative and clinical database. Since the time of its construction in 1992, data have been prospectively entered into the database and regularly updated. Data obtained before 1992 were retrospectively entered. Together with incomplete mortality data, this may have resulted in informative censoring of the data; patients might not have returned to our center because they died or because they no longer felt the need for routine checkups. Informative censoring can introduce bias into the results of survival analyses. However, we believe that the assumption of noninformative censoring is largely met because Ϸ80% of patient follow-up visits are routine followups. In addition, as mentioned, we believe that our mortality data are fairly accurate. Furthermore, we recently reported that only 7.1% of our adolescents who leave pediatric cardiology after the age of 16 years are no longer in cardiac follow-up. 30 However, some bias resulting from informative censoring cannot be excluded.
Our database does not permit us to specifically assess the impact of care or social changes on the outcome of CHD patients. For instance, although it would be interesting to investigate the effects of loss to follow-up on patient outcomes, 31 our database does not contain the frequency of follow-up at the time of death. Thus, we cannot infer such associations. In a specifically designed study, we recently found that 7.1% of the patients who have left pediatric cardiology are either no longer in follow-up or not traceable. 30 This is substantially less than percentages reported for other countries. 32 Our previous study can serve as a basis for future follow-up studies endeavoring to elaborate on the impact of loss to follow-up on patient outcomes.
Finally, it should be noted that for the 1990 to 1992 cohort, the last death was recorded for a patient who was 17.6 years old at the time of death. In this cohort, there were still 177 patients at risk for death. So theoretically, we cannot estimate an 18-year mortality. However, it is unlikely that mortality would change dramatically in the 3 months before a patient's 18th birthday.
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